Spontaneous mechanical oscillations occur in various types of biological systems where groups of motor molecules are elastically coupled to their environment. By using an optical trap to oppose the gliding motion of a single bead-tailed actin filament over a substrate densely coated with myosin motors, we mimicked this condition in vitro. We show that this minimal actomyosin system can oscillate spontaneously. Our finding accords quantitatively with a general theoretical framework where oscillatory instabilities emerge generically from the collective dynamics of molecular motors under load.
Spontaneous mechanical oscillations occur in various types of biological systems where groups of motor molecules are elastically coupled to their environment. By using an optical trap to oppose the gliding motion of a single bead-tailed actin filament over a substrate densely coated with myosin motors, we mimicked this condition in vitro. We show that this minimal actomyosin system can oscillate spontaneously. Our finding accords quantitatively with a general theoretical framework where oscillatory instabilities emerge generically from the collective dynamics of molecular motors under load. DOI Mechanical oscillations occur in a variety of biological systems. Insect fibrillar flight muscles develop oscillatory tension with a rhythm that is asynchronous to activating nervous impulses [1] . Skinned skeletal and cardiac muscle fibers also exhibit spontneous oscillations in vitro under various conditions of partial activation [2, 3] , for the latter even in the absence of proteins that normally regulate contractility of the muscle [4] . Spontaneous oscillations have also been observed in nonmuscular motor systems. Oscillations of the mitotic spindle during asymmetric cell division [5] , of some insects' antennal hearing organs [6] , and of mechanosensory hair bundles in hair cells from the vertebrate ear [7] offer illustrative examples. In the last case, mechanical oscillations have been shown to provide amplification of weak stimuli and frequency tuning [8] .
All these active mechanical systems rely on a forceproducing machinery that involves molecular motors working in groups. To generate oscillations, these motors must work against an elastic load. Muscle fibers, for instance, oscillate in vitro only when attached at both ends [3] . Here we have modified a conventional gliding assay to test the ability of a minimal actomyosin system to produce spontaneous oscillations under elastic loading. A single actin filament was attached to a micron-sized silica bead, either by mixing biotinylated actin filaments with streptavidin-coated beads or by using beads functionalized with inactivated myosins [9] or gelsolin [10] . All three methods yielded similar results. The bead served both as a handle to manipulate the filament with optical tweezers and as a reporter of the position of the filament end to which it was bound. Such a filament could be captured in bulk and brought in close proximity to a substrate densely coated with heavy meromyosin molecules from rabbit skeletal muscle (Fig. 1) .
In the presence of 2 mM ATP, position fluctuations of the bead within the optical trap displayed three qualitative changes upon interaction of the actin filament with myosin molecules [ Fig. 2(a) ]. First, the average position of the bead moved away from the center of the optical trap, indicating that the actin filament was set under tension.
The baseline of bead position shifted in the positive direction by 6-64 nm (n ¼ 11 measurements). Accordingly, the trap exerted a mean restoring force of 2-17 pN that opposed action of the motors. Second, the bead displayed a protracted motion along a well-defined direction. The rootmean-squared (rms) magnitude along this axis increased by a factor 4:0 AE 1:6 (mean AE SD, n ¼ 29 measurements) with respect to that of the isotropic Brownian motion of the free bead. For trap stiffnesses k T ¼ 0:05-0:39 pN Á nm À1 , motor-driven movements displayed rms magnitudes of 3.3-29.7 nm, corresponding to peak-to-peak magnitudes of 9-87 nm. Finally, a striking feature of our recordings was the presence of noisy spontaneous oscillations. Oscillations persisted for about 25-65 cycles. Rhythmic activity was characterized by the presence of a clear peak in the spectral density of bead position [Figs. 2(b) and 2(c)]. The peak was centered at a frequency 0 ¼ 1:5-14 Hz (n ¼ 29), which defined the characteristic frequency of oscillation. Frequency fluctuations around 0 could be described by the quality factor Q ¼ 0 =Á ¼ 1:4 AE 1:1 (mean AE SD), where Á corresponds to the width of the spectral density at half its maximal value. 
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Correspondingly, a bead oscillation lost its phase coherence after only a few cycles. Within the most regular oscillations (Q ! 1), it was sometimes possible to recognize a sawtooth motif in which a slow excursion at a nearly constant velocity, $1:1 m Á s À1 in the example shown in Fig. 2(b) , was followed by a rapid stroke in the opposite direction. Notably, the slow component of motion was always in the positive direction (defined in Fig. 1 ). In this case, the probability distribution of bead position remained maximal within a broad region centered at the mean position. The waveform of such an asymmetric triangular oscillation resembled that of spontaneous oscillatory contractions of cardiac or skeletal muscle fibers [2] . Alternatively, we also observed approximately rectangular patterns, in which abrupt movements in both directions were interrupted by noisy pauses [ Fig. 2(c) ]. The position histogram was thus bimodal, with a local minimum at the mean position. These oscillations were strikingly similar to spontaneous hair-bundle oscillations measured in vitro with hair cells from the inner ear of the bullfrog [7, 11] . In these two cases, the bead movement comprised components on two time scales that are typical of relaxation oscillations. Most often, however, fluctuations clouded the oscillation waveform.
The maximal absolute force F max that the trap exerted during an oscillation afforded an approximate means to estimate the number of active motor proteins that produced an oscillation. Throughout 11 experiments, F max varied by almost 1 order of magnitude, from 3.5 to 27.5 pN. Notably, tension in a single thin filament from an oscillatory myofibril falls within a similar range [12] . Assuming that each myosin molecule developed a force of 1.5 pN and spent 14% of its ATPase cycle bound to actin [13] , each actin filament would have recruited a pool of 15-130 myosin molecules among which 2-18 interacted with the filament at any given time. We could not control the length of the actin-filament portion available to myosins, which spanned a range of $0:5 to 5 m. This source of variability in part explained the dispersion in the number of motors that were at work for different oscillations. Considering the inherent variability in F max throughout our recordings, it may be no surprise that we observed no correlation between magnitude and frequency of oscillations (data not shown). However, for the few actomyosin systems that produced similar values of F max , we observed that a higher trap stiffness resulted in smaller and faster oscillations (Table I ). This suggests that the trap stiffness is a parameter that can control, at fixed F max , the magnitude and frequency of oscillation.
Several mechanisms have been proposed to explain the production of spontaneous oscillations by complex motor systems. In hair cells, spontaneous hair-bundle oscillations have been interpreted as an interplay between the activity of a myosin-based adaptation motor, negative hair-bundle stiffness and Ca 2þ feedback on the motor force [7] . Although negative stiffness might arise from mechanosensitivity of individual actomyosin crossbridges [14, 15] , there is no Ca 2þ feedback in our actomyosin system. In insect flight muscle, proposed mechanisms of oscillations rely on inertial loading of the contractile apparatus and TABLE I. Peak-to-peak magnitude A and frequency 0 of oscillations at a fixed maximal trap force F max and variable trap stiffness k T . 
158102-2 delayed stretch activation, which can compensate frictional forces and thus destabilize this spring-mass system [16] . In our experiments, however, true inertial forces can be neglected. In addition, oscillations involve only filamentous actin and a few tens of myosin molecules, without any of the regulatory proteins that are normally present in complex systems. Despite its apparent simplicity, our system comprises molecular motors which do not work in isolation but within a group. Active force production by one motor is thus potentially influenced by the behavior of all the others. Collective effects, including oscillations, may arise for instance if motor molecules displayed load-dependent detachment rates [5, 14] or if geometrical constraints resulted in a modulation of the available pool of myosins to actin [2, 17] . Oscillatory instabilities may also emerge generically from the dynamical properties of motor assemblies [18] . Because the last approach does not depend on the system's molecular details and geometry, we discuss our observations within this general theoretical framework.
In this description, the center of mass of each motor is rigidly connected to a common substrate, the motors are randomly distributed, and the actomyosin system is simply described by two states [ Fig. 3(a) ]. In the attached state, the interaction between actin and myosin is described by an asymmetric potential W 1 ðÞ which varies with the position along the actin track and displays a periodicity l on the order of the actin-monomer size. Without loss of generality, we can assume that the detached state is characterized by a flat potential W 2 . The actin filament glides at velocity v ¼ dX=dt, and the probability density of the motors in the attached state at time t is p 1 ð; tÞ. Force balance between the driving force F a ¼ R l 0 NW 0 1 ðÞp 1 ð; tÞd produced by the motors, an elastic restoring force given by a spring of stiffness k T , and a frictional force characterized by a coefficient yields
The noise term accounts for the stochastic nature of motor binding and unbinding to actin and is zero on average. We used uncorrelated white noise with hðtÞð0Þi ¼ JðtÞ. A rough estimate of noise intensity J ' 5 Â 10 À27 N 2 s is given by J ' Nf 2 rð1 À rÞ m [19] , in which N ' 50 is the total number of motors, f ' 1 pN is the single-motor force, m ' 1 ms is the characteristic time scale of force production by a motor, and r ' 0:1 is the fraction of bound motors. The Fokker-Planck equation for p 1 reads
in which ! on ðÞ and ! off ðÞ are the attachment and detachment rates at position , respectively. We assumed, for simplicity, a uniform attachment rate ! on and that detachment occurred only within a narrow region near the minimum of the potential Fig. 3(a) ]. This choice ensures that the detailed-balance condition is broken. Energy is thus provided to the system, here by ATP hydrolysis. In the absence of noise, the motor force (at steady state) near stall force F stall amounts to negative friction: F a ¼ F stall þ a v with a ¼ NU=½2aðl À aÞ! on . This implies that if a number of motors drive the movement of the filament in one direction, they enhance the likelihood that the others join in and pull in the same direction. If a overcomes the passive friction coefficient , the force-velocity relation of the whole system displays an anomalous region of negative slope. In the presence of an elastic element, the system in turn oscillates spontaneously [18] . For small values of the stiffness k T , a Hopf bifurcation occurs at a critical value 
We performed stochastic simulations of Eq. (1) in which, at each time step, the active motor force F a was calculated by numerical integration of Eq. (2). Very far from the bifurcation, we observed triangular oscillations of large magnitude compared to the actin-monomer size l $ 5:5 nm [ Fig. 3(b) ]. The waveform, magnitude and frequency of oscillation are in quantitative agreement with some experiments [Fig. 2(b) ]. During an oscillation, the system switched stochastically between the two stable branches of its force-velocity relation, resulting in a velocity histogram that was bimodal (not shown). In the example shown in Fig. 3(b) , the histogram peaked at 1:1 m Á s À1 and À2:3 m Á s À1 . As in experiments [ Fig. 2(b) ], these large triangular oscillations were thus asymmetric, with slower motor movements in the positive direction. Increasing the spring stiffness elicited faster and smaller oscillations in relative amounts similar to those measured (Table I) . Near the Hopf bifurcation, the system produced oscillations with magnitudes comparable to l and symmetric waveforms [ Fig. 3(c) ]. Although this oscillation accounted for most features of the experimental oscillation illustrated in Fig. 2(c) , its waveform did not show two welldistinct time scales. This discrepancy may indicate that molecular details of the actomyosin interaction, which are ignored in our theoretical approach, become important at small length scales. Most parameter values obeyed the constraints imposed by experimental estimates. The friction coefficient , however, had to assume very high values, here ¼ 3-50 N Á s Á m À1 , compared to that expected from hydrodynamic friction acting on micronsized objects ($0:01 N Á s Á m À1 ). High friction coefficients might emerge from energy losses expected to occur if a motor were to slide along the filament in the bound state before detaching. In support of this inference, a protein friction of $1 N Á s Á m À1 has been recently directly measured with individual kinesin-8 motor proteins dragged over their microtubule tracks [20] .
In conclusion, we showed that an actomyosin system comprising only a single actin filament in interaction with a few tens of myosin molecules can become selfoscillatory when subjected to an elastic load. To our knowledge, this Letter provides the first experimental evidence which suggests that motor molecules working collectively within an assembly can generically power spontaneous oscillations. With a choice of parameter values compatible with experiments, the general description of collective motor oscillations introduced in Ref. [18] could quantitatively reproduce essential features of our experimental observations. Because our motor system is minimal, any complex machinery comprising motor assemblies under
